together with their outstanding planarity to investigate membrane regions as small as 10 nm in size with microsecond time resolution. Our diffusion data are consistent with the coexistence of transient nanoscopic domains in both the liquid-ordered and the liquid-disordered microscopic phases of multicomponent lipid bilayers. These nanodomains have characteristic residence times between 30 s and 150 s and sizes around 10 nm, as inferred from the diffusion data. Thus, although microscale phase separation occurs on mimetic membranes, nanoscopic domains also coexist, suggesting that these transient assemblies might be similar to those occurring in living cells which in the absence of raft-stabilizing proteins are poised to be short-lived. Importantly, our work underscores the high potential of photonic nano-antennas to interrogate the nanoscale heterogeneity of native biological membranes with ultra-high spatiotemporal resolution.
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The spatiotemporal lateral organization and the biological function of the eukaryotic plasma membrane are intricately interlaced at the nanoscale. It is well accepted that the landscape of the cell membrane is highly heterogeneous and shaped by a variety of lipids and proteins that differ in their physico-chemical properties. In the plane of the membrane, lateral heterogeneities resulting from the formation of specialized regions enriched in sphingolipids, cholesterol and specific proteins are commonly known as lipid rafts. [1] [2] [3] [4] These lipid assemblies are thought to constitute a tightly packed, short-range, liquid-ordered (Lo) phase coexisting with a more liquiddisordered (Ld) phase within the surrounding fluid membrane. [5] [6] [7] While the existence of phase separation in the plasma membrane has been debated for many years, a large number of recent experimental data is convincingly demonstrating that lipid rafts in living cell membranes have nanoscopic dimensions and are highly dynamic. [8] [9] [10] [11] [12] [13] Importantly, lipid rafts play a crucial role in many cellular processes that include signal transduction, protein and lipid sorting and immune response amongst others. 2, 5, 10, 14, 15 Understanding the formation mechanism and properties (e.g.
size, composition) of lipid rafts and relating their structure to their functional role is of paramount interest.
3
Model lipid membranes represent a simple mimetic system that recapitulates some of the most important features of biological membranes, i.e., spatiotemporal compartmentalization and lipid phase separation. On the microscopic scale, ternary lipid membranes composed of unsaturated phospholipids, saturated sphingolipids and cholesterol separate into coexisting Ld and Lo phases, which can be resolved by diffraction-limited optics. [16] [17] [18] The large microscopic size and the stable nature of Lo domains observed on mimetic membranes strongly contrasts with the highly transient and nanoscopic size of lipid rafts inferred on living cells. Interestingly, while there is a continuous push for resolving nanoscopic lipid domains in the plasma membranes of living cells, recent works suggest that the microscopically homogeneous Lo and Ld phases on lipid model membranes might in fact also be heterogeneously organized at the nanometer scale. 6, 19, 20 The possibility that nanoscale lipid heterogeneities also exist within the supposedly homogenous
Lo and Ld phases of artificial membranes is intriguing and of particular interest as they might be the underlying basis for lipid raft formation in living cells. Indeed, earlier work from Hancock and co-workers predicted that in the absence of stabilizing proteins, the size of lipid nanoassemblies would be smaller than 10 nm in diameter and short-lived, with lifetimes below 1 ms. 6, 21 Consistent with this hypothesis, recent deuterium-based nuclear magnetic resonance (d-NMR) experiments revealed the presence of cholesterol and sphingolipids in the Ld phase as well as of unsaturated lipids in the Lo phase, suggesting that nano-sized clusters may exist in both phases. 19 Fluorescence correlation spectroscopy (FCS) in combination with stimulated emission depletion (STED) nanoscopy has been recently applied to study the nanoscale dynamics occurring in Lo and Ld phases of ternary lipid-cholesterol mixtures with a spatial resolution of 40 nm. The results showed fully homogenous Lo and Ld phases with no evidence on the occurrence of nanoscopic domains at the tested spatial scales (40-250 nm). 22 However, it is possible that nanoscale assemblies smaller than the 40 nm STED resolution could not be detected. In contrast to these results, recent high-speed single particle tracking (SPT) of 20 nm gold beads attached to individual lipids showed anomalous diffusion on the Lo phase consistent with the occurrence of nanoscale heterogeneities, while homogeneous lipid diffusion was observed on the Ld phase. 20 The estimated sizes of the nanodomains on the Lo phase varied between 20 to 40 nm with lipid trapping times inside the domains below 1 ms.
4
A different, and potentially powerful approach to investigate dynamic nanoscale heterogeneities of lipid bilayers is provided by the use of plasmonic antennas. These metal nanostructures enhance and confine light down to nanoscale dimensions, sustaining localized hotspot regions of the excitation light. [23] [24] [25] [26] Moreover, when combined with FCS, single molecule detection at ultrahigh sample concentrations with microsecond time resolution can be obtained, both in solution and living cell membranes. [27] [28] [29] [30] [31] However, in most antenna designs the region of maximum field localization and enhancement (i.e., hotspot) is buried into the nanostructure, and thus difficult to access. Recently, we overcame this drawback by fabricating in-plane dimer antenna arrays where the gap region is located at the sample surface. 32 This design provides direct accessibility to the antenna hotspot region and drastically improves the optical performance to yield fluorescence enhancement factors of up to 10 4 −10 5 together with nanoscale detection volumes in the zeptoliter range. 32 Here, we take advantage of the strong optical confinement occurring on plasmonic antenna arrays together with their remarkable planarity to inquire on the nanoscale dynamics of multicomponent lipid bilayers. Our results reveal for the first time the coexistence of transient nanoscopic domains in both the Lo and Ld phase, in the microsecond scale and with characteristic sizes below 10 nm. These nanoscale assemblies might be reminiscent to those naturally occurring in living cells, which in the absence of raft-stabilizing proteins, are expected to be highly transient.
Results and discussion
Model lipid bilayers with different compositions were prepared on glass coverslips or on top of antenna substrates following a modified protocol from Ref. Table S1 and related discussion).
To investigate the existence of nanoscale heterogeneities in the different lipid mixtures, we used the same preparation protocol to create bilayers on top of the in-plane antenna substrates as schematically illustrated in Figure 1a . The antenna design consisted of gold dimers of 80 nm in diameter separated by nanogaps of different sizes (from 10 nm to 45 nm) and surrounded by nano-apertures to further constrain the excitation area and reduce background contribution from fluorescent molecules diffusing outside the antenna hotspots (Supporting information Figure   S2a ). 32 For the experiments reported here we took advantage of the in-plane antenna geometry to have access to the maximum spatial confinement at the gap regions. In addition, considering that the height difference between the gold dimers and the filling polymer at the hotspot measurement site is below 1nm (Supporting information Figure S2b ), we regard these substrates as of excellent planarity and thus suitable for membrane studies. (t 0 = 0), or is dynamically partitioning into nano-domains (t 0 > 0) or trapped in a molecular meshwork (t 0 < 0). 36, 37 In this work, we used nano-antennas of nominally 10, 30 and 45 nm gap sizes. The sizes of the illumination areas were estimated based on the gap sizes as measured on TEM images (Supporting information Figure S3 ), and numerical simulations (Supporting information Figure   S2c -e and Methods). In addition, we performed calibration measurements of the area sizes using the Alexa Fluor 647 dye in solution for five different antenna gaps (Supporting information Figure S4 and Methods). From the calibration curves, we experimentally determined values of Samples were excited by focusing the incoming laser light (=640nm, ~2 kW/cm 2 ) onto individual antennas using a water-immersion objective (NA=1.2). Under these excitation conditions, the temperature increase at the antenna hotspots due to optical heating was estimated to be only within 1-3 K. 38 The fluorescence signal was collected in reflection mode by the same objective, filtered from the excitation light and sent to two single photoncounting APD detectors.
As the antennas show a polarization-dependent response, we used excitation polarization parallel to the antenna gaps to achieve maximum field enhancement and confinement. Table   S1 ) and values reported elsewhere. 34 To further validate that these short diffusion times arise from the strong optical confinement occurring at the surface of the gap regions, we performed experiments on similar antennas with excitation light perpendicular to the antenna gap. In these conditions, the antennas are not resonantly excited and the excitation field essentially corresponds to that of the surrounding nano-apertures alone. Accordingly, the fluorescence signal is much weaker and the ACF curves look much noisier (Supporting information Figure S5 ). ACF curves for perpendicular excitation could be fitted with a single Brownian diffusion component yielding much longer transient times Table S2 ).
Overall, these results on pure DOPC bilayers validate the application of plasmonic antennas to record the diffusion of individual molecules in lipid bilayers with microsecond time resolution and clearly demonstrate their nanoscale excitation confinement. Additionally, our results show that DOPC bilayers are homogenous down to the nanoscale. It further confirms that the antenna substrates supporting the bilayers are of extreme flatness and quality as no hindering effects on the dye diffusion were observed, neither on the DOPC bilayers nor in solution (see also Figure   5a ,b). 32 It has been recently reported that molecular pinning and interleaflet membrane coupling effects leading to deviations from free Brownian diffusion at the nanoscale are influenced by the properties of the substrate, e.g. plasma-cleaned glass vs. mica support. 39 We believe that these effects are not present in our DOPC measurements since: a) we observed Brownian diffusion of DOPC down to the nanoscale, with a t 0 intercept close to zero; b) the gold antenna substrates have been pre-treated with UV/ozone plasma cleaning immediately prior to the bilayer deposition (see Methods). This treatment leads to a chemically inert and hydrophilic gold surface. Further evidence on the heterogeneity within the Lo and Ld phases for ternary lipid bilayers containing Chol can be inferred from the spread of the diffusion times for similar antennas as a function of the gap area, which we quantified as the deviation from the mean diffusion time.
Since the metal thin-film morphology affects the fabrication process of the antennas and leads to variations on the real gap areas, we first estimated the spread in diffusion times arising solely from the differences in gap areas (see also Supporting information, Figure S2 ). As expected, the spread in diffusion times reduces with increasing gap area as the fabrication process becomes The characteristic residence time  res of the dye in a single nanodomain can be estimated from t 0 through the relation  res , since the confinement time is much larger that the free diffusion time inside the domain, 36 and where  corresponds to the partition coefficient of the dye in the Ld and Lo phases. 36 In the case of DiD, the values of correspond to 0.66 for the Ld phase and 0.33 for the Lo phase evaluated for microscopically phase-separated domains 34 and we assume no significant deviations at the nanoscale. Therefore, the residence times inside the Chol (20%) in the Ld phase, which is supposedly composed by only DOPC. 19 The presence of SM and Chol will lead to nanoscopic phase separation within the Ld phase with sizes and lifetimes that would most probably depend on the amount of Chol and SM. 42, 43 In our experiments, we find that these nanoscopic domains are extremely short-lived with residence times below 30 s, being probably the reason why they have not been detected before. In fact, Cholesterol (Chol) ≥99% was purchased from Sigma-Aldrich and the fluorescent dye DiIC 18 (5) solid (DiD) from Molecular Probes, Life Technologies Corporation.
Fabrication of in-plane plasmonic antenna arrays.
In-plane dimer antenna arrays with gaps of different sizes were fabricated in gold onto glasscoverslips following a procedure described in Ref. 32 In brief, the antenna fabrication process was performed on a thin silicon nitride layer deposited on silicon substrates that provided suitable electrical conductivity and chemical stability for the subsequent process steps.
Hydrogen-silsesquioxane (HSQ) resist was first spun and then patterned using electron-beam lithography on top of the substrate. A thin layer of gold (50 nm thick) was then deposited by electron beam evaporation over the patterned HSQ structures followed by a planarization step by flowable oxide spin coating. After etching back by Ar-based ion beam etching and removal of the remaining HSQ, the final antenna dimers were stripped from the substrates using a UV curable polymer. This step provided flipped over antennas with accessible gap regions onto optically transparent microscope coverslips. Prior to lipid bilayer deposition, the antenna substrates were carefully cleaned with ethanol, MilliQ water rinsing and UV light exposure for 1 minute followed by 3 minutes of ozone treatment. substrates were carefully cleaned with acetone, ethanol and MilliQ water followed by a short UV/ozone plasma exposure (between 2-5 min) immediately prior to lipid bilayer deposition. The latter treatment removes any residual organic layer from the gold substrate, guaranteeing a chemically inert and hydrophilic surface. 40 All the steps were carried out under a fume hood. The different lipid mixtures were allowed to dry for roughly an hour in the presence of a weak nitrogen flow, and then kept in vacuum for an additional hour. Consequently, the samples were hydrated in PBS (pH 7.4) and carefully rinsed to remove excess lipids. Samples were imaged and probed by FCS immediately after preparation. All measurements were performed at room temperature.
Preparation of lipid model membranes and substrate support

Estimation of the illumination areas for the different antenna gaps
To estimate the illumination areas from our antenna gaps, we considered for the x-direction the mean values of the three gap sizes as directly measured from TEM images (Supporting information Figure S3 ), while for the y-direction, we took the distances corresponding to the fullwidth-at-half-maximum (FWHM) of the respective antenna excitation intensity profiles, as The shortest diffusion time corresponds to direct excitation at the antenna gap while the second component corresponds to the diffusion times of molecules inside the nano-aperture but away from the antenna hotspot region. These molecules contribute weakly to the overall correlation curve since they are only excited by the residual light inside the nano-aperture (see also Supporting information Figure S5 and Table S2 ). We also attempted to fit the curves using a three-component fitting but in general the amplitude weight of the third component was either very small (below 3%) and/or rendered a fitting error.
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These values compare well to those reported for similar lipid mixtures, 2 validating the quality of the prepared bilayers. 
